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SUMMARY 3332-5 
The performance of hydrogen and fluorine was evaluated i n  an a l t i t u d e  t e s t  

f a c i l i t y  a t  low chamber pressures in rocket engines having area-ratio-100 exhaust 
nozzles of three lengths, 
square inch absolute and mixture r a t i o  f'rom 12 t o  6 percent hydrogen. 
nal  t h rus t  w a s  1400 pounds a t  a chamber pressure of 60 pounds per square inch ab- 

Chamber pressure ranged from 60 t o  10 pounds per 
The nomi- 

solute.  
f 

A conical nozzle of 15' half-angle produced a vacuum thrus t  coef f ic ien t  of 

This value represents near- 
approximately 98 percent of one-dimensional theore t ica l  equilibrium and was rela- 
t i v e l y  insens i t ive  t o  changes in  chamber pressure, 
equilibrium nozzle performance w i t h  respect t o  i n t e r n a l  f l o w  character is t ics .  
The maximum vacuum spec i f ic  impulse measured was 465 pound-seconds per pound. 
conical nozzle of 25' half-angle and a bell-shaped nozzle contoured t o  70 percent 
of the length of the Eo conical had thrust  coeff ic ients  near frozen expansion 
f o r  the conditions tes ted .  The lower performance of the  two shorter  nozzles was 

A 

a t t r ibu ted  t o  the  f a i l u r e  of the d issoc ia ted  exhaust products t o  
higher expansion rates .  

The dr ive for more ambitious missions and la rger  payloads i n  the  exploration 
Mission s tudies  of space places greater  emphasis on improved propulsion systems, 

reported i n  references 1 and 2 show the. advantages i n  payload increase that can 
be rea l ized  w i t h  ex is t ing  boosters by using high-energy propeUants i n  the upper 
stages. 
not  a l t e r  the s i tua t ion  s ignif icant ly .  I n  each of these studies,  the propellant 
combination of f luorine and hydrogen offered several  advantages toward the 
achievement of r e l i a b l e  high-performance systems and emerged as the  most favor- 
able  of the various combinations. 
nation a r e  i t s  low hydrogen requirements, hypergolic nature, and extremely high 
spec i f ic  impulse. Minimizing hydrogen requirements i s  important because of the  
low densi ty  of hydrogen and the resu l t ing  high propellant tankage volume and 
weight, 

Reference 3 shows that missions requiring long coast periods i n  space do 

Most notable of the advantages of t h i s  combi- 

The hypergolic nature of hydrogen and f luorine should provide nearly 

* T i t l e ,  Unclassified. 
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perfect ignit ion and r e s t a r t  capab i l i t i e s  under a l l  conditions. 
tu res  a r e  coupled with a low-chamber-pressure, pressure-fed propellant system, 
the resu l t ing  vehicle can be a simple, r e l i ab le ,  lightweight, high-energy pro- 
pulsive device. 

When these fea- 

Although the  theo re t i ca l  shifting-equilibrium performance of hydrogen and 
f luorine is higher than that of any other s tab le  chemical propellant combination, 
the a b i l i t y  t o  approach theore t ica l  sh i f t i ng  equilibrium expansion i n  an exhaust 
nozzle as opposed t o  theore t ica l  frozen flow has not before been c lear ly  estab- 
l i shed  by experiment. 
flow conditions can be as  great  as 86 seconds, or 18 percent, i n  a nozzle with an 
area r a t i o  of 100 a t  a chamber pressure of 60 pounds per square inch absolute- 
The importance of this difference i n  terms of po ten t ia l  vehicle performance and 
payload i s  s ign i f icant ,  and knowledge of the experimental performance of hydrogen 
and fluorine in conventional nozzles and the determination of nozzle design pa- 
rameters t o  promote recombination become v i t a l  requirements. 

The difference i n  specif ic  impulse between the extreme 

Some work i n  hydrogen-fluorine expansion nozzles has been done a t  the Lewis 
Research Center a t  area r a t i o s  of 25 and 100, but, because of f a c i l i t y  l imita-  
t ions,  chamber pressures were l imited t o  the range 200 t o  725 pounds per square 
inch absolute ( r e f .  4 ) .  
area r a t io s  of 100 operated a t  chamber pressures from 60 t o  10 pounds per square 
inch absolute with a nominal th rus t  l e v e l  of 1400 pounds a t  the high chamber 
pressure. 
z les  a t  low chamber pressures and t o  determine the e f f ec t  of nozzle shape on the 
recombination process a s  it i s  described by thrust coeff ic ient  and impulse e f f i -  
ciency, 

The program discussed herein included three nozzles with 

The objectives were t o  define performance with large-area-ratio noz- 

Mixture r a t i o  was varied from 1 2  t o  6 percent hydrogen, but,  In  general, em- 
phasis w a s  placed a t  approximately ll percent. Studies have indicated optimum 
conditions between 8 and ll percent hydrogen depending on the detai led mission 
requirements, Tankage and weight problems favor the lower hydrogen percentage, 
but peak performance and cooling considerations favor the fue l - r ich  condition. 

The three nozzles evaluated were a cone of 15' half-angle, a cone of 25' 
half-angle, and a bell-shaped nozzle contoured t o  70 percent of the length of 
the 15' conical one. 
a zero-flow, second-throat exhaust diffuser was employed t o  provide addi t iona l  
a l t i t u d e  simulation. 

The program was conducted i n  an a l t i t u d e  t e s t  f a c i l i t y ,  and 

The symbols used throughout the repor t  a r e  defined i n  appendix A, and the 
method of calculation of experimental and theo re t i ca l  values i s  discussed in 
appendix B. 

APPARATUS 

Fac i l i t y  

A schematic drawing of the test  sec t ion  of the  a l t i t u d e  f a c i l i t y  that was 
used f o r  th i s  program is  shown in fiffure 1. This f a c i l i t y  is capable of a l t i t u d e  
Simuhtion t o  approximately pressures from 32 t o  36 
2 
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Pounds per square foot  absolute w e r e  maintained during rocket operation. A 
sccond-throat, zero-flow exhaust diffuser was u t i l i z e d  i n  addi t ion t o  the ro t a t -  
ing exhausters of the a l t i t u d e  f a c i l i t y  t o  a t t a i n  min imum pressures of 0.01 
t o  0.06 pound per square inch absolute, which were required fo r  f u l l  expansion of 
the exhaust gases i n  the large area r a t i o  experimental rocket nozzles. 
t i on  from reference 5 was used t o  design the exhaust d i f fuser  sham i n  the  f o l -  
lowing sketch: 

Informa- 

D e j t  

The geometric re la t ions  that resu l ted  are 

&j /At  = (Dej/Dtl2 107.3 

bj/bjt = (Dej/Dejt)2 2-18 

Lejt/Dejt = 5-28 

This d i f fuser  design provided the required a l t i t u d e  fo r  the  15' conical noz- 
z le ,  but, with the 25' conical a d  70 percent contour nozzles, the diffuser  would 
not start or  operate a t  lower chamber pressures. The s t a r t i n g  and operating d i f -  
f i c u l t i e s  with the l a t t e r  two nozzles were a t t r i bu ted  t o  differences i n  the 
nozzle-exit gas conditions and possibly t o  the e f f ec t  of dissociation on the 
isentropic  exponent y. 

A pressure-tight capsule attached t o  the ejector  completely surrounded the 
thrust-chamber nozzle assembly and load cell ,  
by preventing addi t ional  force components on the  engine from pressure differen- 
tials ac t ing  on ungrounded surface areas such as sea ls  and bellows. To prevent 
the accumulation of an explosive atmosphere i n  the  exhaust equipment, the excess 
hydrogen i n  the  rocket exhaust products was m i x e d  with a i r  bled around the dif- 
fuser e x i t  and igni-ted by a small hydrogen-air torch that burned continuously. 

This simplified thrus t  measurement 

Propellant Supply System 

Fuel system. - Gaseous hydrogen w a s  fed t o  the engine d i r ec t ly  f r o m  a supply 
t r a i l e r  located outside the building. 
ments of temperature, pressure, and pressure d i f f e r e n t i a l  a t  an o r i f i c e  p l a t e  l o -  
cated i n  the  hydrogen l i n e  near the engine inside the t e s t  chamber. 

F low r a t e s  were determined from measure- 

3 
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Oxidant system. - Liquid fluorine w a s  supplied t o  the engine from a 2-cubic- 
- 

foot  Dewar located i n  the a l t i t ude  tes t  section. 'xne uewar, the supply l ines t 9  
the capsule, and -the Venturi flowmeter were encased i n  a jacket containing l i q -  
uid ni-trogen regulated t o  sea-level pressure. This process controlled f luorine 
temperature and density and simplified oxidant flow measurement, Fluorine flow 
r a t e s  were determined by measuring the pressure d i f f e r e n t i a l  across a cal ibrated 
Venturi flowmeter. H e l i u m  w a s  used t o  pressurize the f luorine tank t o  approxi- 
mately 400 pounds per square inch absolute. 

Chambers and Nozzles 

The basic combustion-chamber configuration had a 12-square-inch throa t  area 
(3.91 in .  diam.), a chamber contraction r a t i o  of 1.9, and a charac te r i s t ic  length 
L* The chambers were of  a heat-sink design and had a zirconium 
oxide coating on the inside t o  produce a thermal lag  t o  increase the  time of op- 
erat ion.  T h i s  coating eventually eroded away i n  spots and required replacement. 

of 21.0 inches. 

The three rocket exhaust nozzles used for  t h i s  investigation are pictured, 
A cone-shaped nozzle with a 15' half-angle 

Effects  of nozzle shape on performance 

The lengths from the  throa t  

with chambers attached, i n  f igure 2. 
was used as  the standard fo r  comparison. 
were studied with a 25' conical nozzle and a bell-shaped nozzle contoured t o  
70 percen-t of the length of the 15' conical  nozzle. 
t o  the e x i t  plane f o r  the 15' conical, 25' conical, and 70 percent contour noz- 
z les  were 66.2, 38.6, and 45.4 inches, respectively.  

A general digital-compu-ter program f o r  optimum nozzle design avai lable  a-t 
the Lewis Research Center w a s  used t o  determine the con';our coordinates given i n  
tab le  I. 
isentropic  exponent and shifting-equilibrium gas composition t o  maximize the 
thrus t  coeff ic ient  f o r  an area r a t i o  of 103 and a given a l t i t u d e  pressure. Opti- 
mum performance for nozzles of several  lengths w a s  calculated f o r  a chamber pres- 
sure of 60 pounds per square inch absolute and 8.12 percent hydrogen, and a con- 
tour was chosen that w a s  equivalent i n  delivered theore t ica l  performance t o  a 15' 
conical nozzle a t  the same design conditions. The resu l t ing  nozzle, re fe r red  t o  
as a 70 percent contour, had an e x i t  divergence half-angle of 9' and a maximum- 
expansion half -angle of 40' near the throa t .  

Contours were obtained by the method of charac te r i s t ics  with variable 

In jec tor  

The injector used fo r  the e n t i r e  program i s  pictured i n  f igure  3. 
element, coaxial-injection pat tern w a s  used, each element providing a Stream Of 

f luorine surrounded by an annulus of gaseous hydrogen, 
through the  injector  favored s t ab le  combustion, and a t  no time were i n s t a b i l i t i e s  
encountered. 
in jec tor  resulted i n  only discolorat ion of the thick,  copper in jec tor  race. 

A 131- 

High pressure drops 

Approximately U. minutes of accumulakd running t i m e  with the same 

Instrumentation 

4 

Locations of a l l  instrumentation a re  shown i n  f igure  1. 
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Thrust, - A strain-gage load ce l l ,  i n  compression when loaded, was  used for 
Pr ior  t o  each run, the load c e l l  was cal ibrated tPle primary-thrust measurement. 

against  a s';andard c e l l  by pressurizing an a i r  cylinder, During operation, the 
s ignal  from the load c e l l  was divided t o  read out on high-speed d i g i t a l  tape, a 
direct-recording oscillograph, and a direct-reading s t r i p  chart ,  Since the load 
c e l l  was located i n  the capsule with the engine, no elaborate procedure or addi- 
t i ona l  measurements were required f o r  cal ibrat ion and thrus t  determination. 

Pressure. - Strain-gage-element transducers were used f o r  a U  pressure meas- 
urements, including d i f f e r e n t i a l  pressures across the flowmeters, Pickups meas- 
uring the higher pressures were referenced or vented t o  capsule pressure or test- 
chamber pressure when t h i s  pressure was negligible i n  r e l a t ion  t o  the measured 
value, Lower range pressure measurements were referenced t o  a controlled vacuum 
system and corrected appropriately, Pressure signals were recorded on a d i rec t -  
recording oscillograph and on high-speed d i g i t a l  tape. 
cu i t s  were cal ibrated e l ec t r i ca l ly  p r io r  t o  each day of operation by introducing 
a "cal ibrate  resistance" t o  correspond t o  fu l l - sca le  values, 
t i on  by application of pressure ver i f ied  the e l e c t r i c a l  calibrations.  

Pickup and recording c i r -  

Periodic cal ibra-  

Temperatures. - Calibrated iron-constantan thermocouples were used f o r  tem- 
perature measurements in  the gaseous-hydrogen system. 

Fluorine Handling 

Fluorine i s  the most powerful, s tab le  oxidizing element and is  spontaneously 
combustible with many materials,  These t w o  properties caused many test-equipment 
f a i lu re s  i n  the ear ly  stages of f luorine technology because of improper materials 
and poor system preparation and handling techniques. This s i tua t ion ,  coupled 
with the physiological e f fec ts  caused by contact with or inhalation of f luorine 
or hydrogen f luoride gas, has precipi ta ted much cr i t ic i sm of a l l  proposed pro- 
grams involving fluorine.  

Procedures, for  the safe, confident usage of f luorine have been firmly es- 
tablished a t  the Lewis Research Center, however, through a considerable amount of 
experience i n  material  compatibility and rocket-engine tes t ing .  Preparation of a 
f a c i l i t y  or system f o r  the use of fluorine,  including cleaning, drying, and pas- 
s ivat ing,  i s  thoroughly discussed i n  references 6 and 7 ,  

Transfer. - Transfer of l i qu id  fluorine from the portable trailer-mounted 
D e w a r ' m b  capacity) t o  the propellant tank i n  the t e s t  section w a s  or igi-  
na l ly  accomplished by pressurization of the t r a i l e r  with helium. This operation 
was l a t e r  revised t o  the following procedure, which w a s  considered safer. The 
propellant tank i n  the t es t  chamber was cooled with i t s  liquid-nitrogen bath and 
then evacuated with a vacuum pump. 
the trailer a t  atmospheric pressure in to  the low-pressure propellant tank and 
condensing on the  cold walls. 
which, i n  turn,  i s  a function of condensation r a t e  and i n i t i a l  vacuum. This 
method avoided pressurization of the t r a i l e r  and minimized the hazard of sp i l lage  
from a primary f a i lu re ,  

5 

Fluorine was then t ransferred by boi l ing from 

The quantity t ransferred w a s  controlled by time, 



Disposal, - Because of the small quant i t ies  of f luor ine  and hydrogen fluo- 
r ide  involved, adequate disposal was possible by simply d i lu t ing  t h e  exhaust - 
products with a i r  and providing good dispersal  conditions a t  the  e x i t  of the fa- 
c i l i t y ,  Before entering the  f a c i l i t y  compressors, the  exhaust products, flowing 
a t  a maximum r a t e  of 3.5 pounds per second, were d i lu ted  with air flowing a t  
approximately 50 pounds per second, 
atmosphere by an e jec tor  using a i r  a t  100 pounds per second a s  the primary flow. 
This t o t a l  combined di lut ion,  plus the v e r t i c a l  eff lux from the e jec tor ,  was 
su f f i c i en t  f o r  sa fe  disposal. 
appears i n  reference 8, 

The exhaust gases were then pumped t o  the  

A more comprehensive discussion of this problem 

I Engine Operation 

Control system. - Valve posit ions for both the f luorine and hydrogen weight 
flows were controlled by manually preset variable potentiometers, 
systems t o  control  cha,mber pressure andmixture r a t i o  t o  the desired conditions 
were not used s o  as t o  avoid any system i n s t a b i l i t y ,  
valves were calibrated,  and se t t ings  f o r  run conditions w e r e  determined from flow 
ra t e s  calculated from estimated combustion efficiency, 

Closed-loop 

The potentiometers and 

Operational sequence. - The instrumentation systems, safe ty  systems, and en- 
The propellant 

The re- 
gine f i r i n g  w e r e  a l l  controlled automatically by a program timer, 
systems and engine were purged with helium before and after each firing, 
quired f u e l  lead and override time w a s  o n l y  several  milliseconds since the 
thrus t  chambers w e r e  not  cooled by fuel. 
capsule surrounding the  engine w a s  purged with gaseous nitrogen t o  prevent re- 
c i rcu la t ion  of hot, corrosive exhaust gases around the  instrumentation and wiring 
located there ,  The length of each run varied from 5 t o  6 seconds a t  a chainber 
pressure of 60 pounds per square inch absolute t o  ll t o  12 seconds a t  10 pounds 
per square inch absolute, Cooling time required between runs was approximately 
10 minutes, 

Immediately following each run, t he  

Run conditions, - The i n i t i a l  program cal led f o r  running each of the  three  
nozzles over a range of mixture r a t i o s  from 6 t o  12 percent hydrogen a t  chamber 
pressures of 60, 40, 20, and 10 pounds per square inch absolute, Di f f icu l ty  w a s  
encountered, however, i n  es tabl ishing f'ull nozzle f l o w  a t  20  and 10 pounds per 
square inch absolute w i t h  the 25' conical and 70 percent contour nozzles because 
of the  exhaust-diffuser design, 
w a s  obtained only a t  60 and 40 pounds per squ3;re inch absolute. 

A s  a resu l t ,  performance f o r  these two nozzles 

RESULTS 

A l l  t he  r e s u l t s  are presented i n  table  I1 t o  f a c i l i t a t e  in te rpre ta t ion  and 
cor re la t ion  of the performance figures. 

Effect of Mixture Ratio 

Figure 4(a)  shows the performance of the three area-ratio-100 rocket engines 
operated a t  a chamber pressure of 60  pounds per square inch absolute over a mix- 
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tu re- ra t io  range from 12 t o  6 percent hydrogen, Maximum i m p u l s e  over the  range 
tes ted  was obtained a t  approximately 11 t o  I2 percent hydrogen f o r  each of the 
engines, With the 15' conical nozzle, a vacuum spec i f ic  impulse of 465 seconds 
was at ta ined,  while t he  70 percent contour and 25' conical nozzles produced 440 
and 430 seconds, respectively,  a t  t h i s  condition, A s  the mixture r a t i o  w a s  var- 
ied  toward stoichiometric (5.04 percent hydrogen), the i m p u l s e  performance de- 
creased significantly.  A t  6 percent hydrogen, f o r  example, the vacuum spec i f ic  
impulse with the  15' nozzle w a s  434 seconds; t he  two shorter  nozzles produced 
similar results. 

The exhaust-nozzle performance, as measured by vacuum th rus t  coeff ic ient ,  
was r e l a t ive ly  insensi t ive t o  var ia t ion  in mixture r a t i o  f o r  a l l  the nozzles 
tested.  
r a t i o  corresponding t o  maximum impulse performnce and varied t o  1-92 a t  a m i x -  
ture r a t i o  of 6 percent hydrogen. Values atmax- impulse f o r  the 70 percent 
contour and the 25' conical nozzles were 1.78 and 1.74, respectively, 

The thrust coef f ic ien t  of the 15O conical nozzle w a s  1-68 a t  the mixture 

Combustion performance, as indicated by charac te r i s t ic  velocity c* dimin- 
ished rapidly when f u e l  concentrations w e r e  decreased from 12 t o  6 percent hydro- 
gen ( f u e l  r i c h  t o  near stoichiometric), Maximum impulse a t  a chamber pressure of 
60 pounds per square inch absolute w a s  obtained w i t h  a charac te r i s t ic  veloci ty  of 
8000 feet per second, whereas c* w a s  o n l y  7300 feet per second a t  8 xixture ra- 
t i o  of 6 percent hydrogen, 

Thus, the lower impulse performance near stoichiometric w a s  a t t r i bu ted  pri- 

A comparison, however, with 
marily t o  combustion performance when the parameters entering in to  spec i f ic  i m -  
pulse were examined individually ( I  X g = c* X CF). 
the  theo re t i ca l  equilibrium calculations indicated some poten t ia l  f o r  performance 
improvement i n  both the combustion chamber and the exhaust nozzle, par t icu lar ly  
a t  mixture r a t i o s  near stoichiometric. 

Figure 4(b)  shows the performance with the three nozzles a t  a chamber pres- 
sure of 40 pounds per square inch absolute. Values of vacuum spec i f ic  impulse, 
vacuum thrust coeff ic ient ,  and character is t ic  velocity were very similar t o  those 
a t  60 pounds per square inch absolute. 
c - m e  of combustion-chamber performance c* f a i r e d  through the majority of 
points does not  accurately represent the data f o r  the l 5 O  conical nozzle for one 
s e t  of m s  ( s i x  data points),  
agreement w i t h  the composite r e su l t s ,  and indications pointed t o  incorrect 
chamber-pressure readings f o r  this set, For t h i s  reason, the thrust-coeff ic ient  
data fo r  the  150 conical nozzle w e r e  considered t o  be more r e a l i s t i c  i f  repre- 
sented by a curve u t i l i z i n g  the composite r e s u l t s  from a l l  the runs a t  t h i s  
chamber pressure, since CF x c* = I X g .  

It should be noted that the composite 

Later runs w i t h  t h i s  engine, however, were i n  

c* 

A t  chamber pressures below 40 pounds per square inch absolute, fully ex- 
panded nozzle flow could not be established with the 25' conical and 70 percent 
contour nozzles with the  exis t ing exhaust diffuser.  
tempted f o r  operation i n  this region, but none was successful. As a r e su l t ,  f i g -  
ures 4(c) and (d )  show nozzle data from just t he  15' conical nozzle but charac- 
t e r i s t i c  ve loc i ty  f'rom a l l  tests a t  the lower pressures. A t  chamber pressures of 
20  and 10 pounds per square inch absolute, t he  maximum values of specif ic  impulse 

Several procedures were at-  
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were approximately 450 and 440 seconds, respectively. Characterist ic velocity 
mnuL3 L w r s o r u G r a ~ ~  IUWCL a l  L e s e  pressures naving a value of 7300 f e e t  per second 
a t  1 2  pzrcent hydrogen and 10 pounds per square inch absolute. The absolute 
value of thrust  coeff ic ient  w a s  unchanged a t  these lower pressure levels ,  the 
nominal value being 1.93 a t  10 pounds per square inch absolute; the absolute 
value a l s o  insensi t ive t o  changes i n  m i x t u r e  r a t i o  over the range investigated. 

_ _ ^ _  ̂ _ _ _ _  1 ,  ..-- 7.1-- 1 

A t  no time i n  the  program were problems encountered with combustion insta-  
b i l i t y  . 

Effect of Chamber Pressure 

Figure 5 i l l u s t r a t e s  the  e f f ec t  of chamber pressure on delivered performance 
The- efficiency a t  a mixture r a t i o  f o r  maximum impulse of 11.7 percent hydrogen. 

o r e t i c a l  data for frozen expansion a re  a l so  included f o r  comparison. 
experimental and theore t ica l  frozen data are expressed as a percentage of theo- 
r e t i c a l  equilibrium w i t h  one-dimensional flow, 

Both the 

With the 15' conical nozzle, the  impulse efficiency w a s  96 percent of theo- 
r e t i c a l  performance a t  pressures of  60 and 40 pounds per square inch absolute 
but  decreased t o  9 1  percent a t  10 pounds per square inch absolute. 
pressure effects  with the 70 percent contour and 25' conical nozzles were not 
completely evaluated because of the operational problems discussed previously. 
Impulse efficiency a t  chamber pressures of 60 and 40 pounds per square inch abso- 
l u t e  w a s  9 1  percent w i t h  the  contoured nozzle and only 88 percent with the '25' 
conical one. Although t h i s  indicated tha t  the  two shorter  nozzles tend toward 
frozen theoret ical  performance, the ac tua l  chemistry o f  the expansion process 
must consider o n l y  the nozzle performance and not a composite of nozzle and con- 
bustion efficiency, 

Chamber- 

This w i l l  be c l a r i f i e d  i n  the DISCUSSION, 

Characteristic-velocity eff ic iency w a s  98 percent or b e t t e r  with t h i s  
chamber-injector configuration a t  60 and 49 pounds per squsre inch absolute but  
was reduced. t o  92 pzrcent when the  engine was th ro t t l ed  over a 6:l pressure range 
t o  1 0  pounds per square inch absolute. Considerably lower combustion eff ic ien-  
c ies  were measured a t  leaner hydrogen concentrations over the e n t i r e  pressure 
range. Unpublished data from other tests a t  the Lewis Research Center, however, 
have shown tha t  
r ium can be maintained over t h i s  pressure range with a fixed-area in jec tor  of an 
improved design, 

c* values of approximately 98 percent of theore t ica l  equilib- 

The evaluation of nozzle th rus t  coeff ic ient  sh0we.d l i t t l e  change i n  exhaust- 
nozzle efficiency over the ch2mber-pressure range from.60 t o  10 pounds per square 
inch absolute. 
of 98 percent of theore t ica l  equilibrium a t  a n  pressures, whereas the  70 percent 
Contour and 25' conical nozzles operated a t  approximately 92 and 89  percent, 
respectively. 

The 15' conical nozzle maintained a near-equilibrium efficiency 

The insensi t ivi ty  of nozzle performance t o  chamber pressure (within the 

It is believed that, w i t h  a su i tab le  optimization program, an engine 
range investigated) lends i t s e l f  w e n  t o  a hydrogen-fluorine engine t h a t  can be 
thro t t led .  
could be bui l t  t o  deliver an impulse efficiency of a t  least  96 percent of theo- 
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r e t i c a l  equilibrium over a thro t t l ing  range of chamber pressure from 60 t o  10 
pounds per square inch absolute. 

DISCUSSION 

The performance of the  three nozzles shown i n  f igure 5 indicates the ac tua l  
percent of theore t ica l  th rus t  coeff ic ient  available f o r  usefu l  propulsion. The 
15O conical nozzle, which produced near-equilibrium performnee, had impulse ef- 
f ic ienc ies  5 t o  8 percent higher than the other two nozzles. The r e su l t s  indi-  
ca te  that the use of shorter nozzles must come a t  some s a c r i f i c e  i n  performance 
and that the contouring of the nozzle t o  70 percent by normal methods d id  not 
recover the  losses s ignif icant ly .  This exchange of performance, fo r  reduced noz- 
z l e  length may be ju s t i f i ed ,  however, fo r  specific missions. 

A n  e f f o r t  w a s  made t o  ident i fy  the  various nozzle losses  s o  tha t  the degree 
of recombination could be somewhat isolated and could be recognized from general 
performance measurements, 
theoretical-equilibrium p e r f o m n c e  w a s  the nonaxial, or divergent, component of 
the exhaust gases a t  the  nozzle ex i t ,  
percent fo r  the 25' conical nozzle, 1.7 percent f o r  the  15' conical nozzle, and 
0.6 percent for  the CmtG.Lred nozzle (9' exi t  angle),  
possible losses ,  such as viscous e f fec ts ,  shock waves, and heat t ransfer ,  re-  
su l ted  i n  no s ignif icant  contribution toward explaining the differences between 
nozzles. 

The most s ignif icant  of these losses  that detract  from 

The geometrical divergence loss w a s  4.7 

Attempts t o  evaluate other 

Figure 6 shows the data from f igure 5 w i t h  the  appropriate geometric diver- 
gence correction applied t o  each nozzle. This correction r e su l t s  i n  a more real- 
i s t i c  comparison of the nozzles i n  regard t o  i n t e rna l  performnce. The amount of 
recombination can be estimated from the thrust-coeff ic ient  efficiency, which bas- 
i c a l l y  considers only nozzle performance. A t  a mixture r a t i o  of ll.7 percent hy- 
drogen, the 15' conical nozzle produced equilibrium performance fo r  chamber pres- 
sures between 60 and 10 pounds per square inch absolute. The two shorter noz- 
z les ,  however, appeared t o  produce near frozen flow, an indication tha t  only a 
r e l a t i v e l y  small degree of recombination occurred a t  these conditions. A compar- 
i son  a t  mixture r a t i o s  c loser  t o  stoichioinetric would show sizilar differences 
between the  nozzles but a t  a lower overal l  percent of recombined energy, possibly 
because of the higher temperatures and greater amount of energy i n  the  dissoci-  
a t e d  form, 

Since previous experimental and analyt ical  approaches have not been su f f i -  
c i en t  t o  describe the  expansion process p r o p e r l y ,  only trends or potent ia l  con- 
t r i bu t ing  fac tors  can be set for th  t o  explain the differences between nozzles, 
I n  theory, some indicat ion of the  deviation from equilibrium flow can be obtained 
from the product of the chemical reaction time and the quenching r a t e  ( r a t e  of 
temperature decrease) of the exhaust gases (Penner's c r i t e r i a ,  r e f .  9). Although 
the  react ion-rate  constants f o r  the processes i n  a hydrogen-fluorine rocket a r e  
not known, a comparison of the quenching rates  on the nozzles tes ted  was a t -  
tempted, When isentropic-expansion data and the l o c a l  geometric divergence an- 
g les  were used, cooling r a t e s  i n  the 253 conical and 70 percent contour nozzles 
were found t o  be two t o  three times greater than i n  the 15' conical nozzle. 

9 
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Maximum rates  up t o  6.OX1O7 '€3 per second were calculated near the throa t  for  
the 70 percent contour nOZ7.1P- As P yor771+ _ _ _ _ _ _  -* vL +L--- v A A u y b  r v l l r y a r ~ D ~ ~ l b ,  ---- * i b  beemea rea- 
sonable t o  assume that a s ignif icant  deviation from equilibrium flow might have 
occurred a t  low area r a t i o s  i n  the  two shorter  nozzles, From t h i s  point, ac- 
cording t o  Bray's c r i t e r i a ,  reference 10, frozen flow would prevai l  through the 
remainder of the nozzle since conditions required f o r  equilibrium would never 

scribed herein by the  loss  of th rus t  due t o  energy frozen i n  the dissociated 
s ta te .  

1 
I 

1 

again b= met. The end r e s u l t  would be recognized i n  experiments such as de- 
I 

If such an approach could define the maximum allowable expansion rates t o  
f o r e s t a l l  dissociation losses i n  rocket nozzles f o r  several  of the high-energy 
propellant combinations, then nozzle-design optimization programs could determine 
an accurate trade-off of performance f o r  nozzle length and weight savings. 

SUMMARY OF RESULTS 

An experimental investigation of the performance of hydrogen and f luorine 
w a s  conducted i n  rocket engines having exhaust nozzles with an area r a t i o  of 100. 
Chamber pressure ranged from 60 t o  10 pounds per square inch absolute and mixture 
r a t i o s  from 1 2  t o  6 percent hydrogen. The r e su l t s  were as follows: 

1. A vacuum specif ic  impulse of 465 pound-seconds per pound was obtained 
w i t h  a 15' conical nozzle a t  a chamber pressure of 60 pounds per square inch ab- 
solute  a t  a mixture r a t i o  of ll.7 percent hydrogen. This amounted t o  96 percent 
of theoret ical  equilibrium fo r  a one-dimensional nozzle. A 25O conical nozzle 
and one contoured t o  70 percent of the  length of the 15' conical nozzle produced 
impulse values of 430 and 440 seconds, respectively. These values of specif ic  
impulse were obtained with a character is t ic-veloci ty  efficiency of 98 percent. 

2. A vacuum thrus t  coeff ic ient  of 1.88, or  98 percent of theore t ica l  equi- 
librium, was achieved w i t h  the  15' conical nozzle a t  the conditions of maximum 
impulse for a chamber pressure of 60 pounds per square inch absolute. For the  
70 percent contour nozzle, the th rus t  coeff ic ient  w a s  1.78; the 25' conical noz- 
z l e  gave a value of 1.74. The absolute value of the  nozzle th rus t  coef f ic ien t  
w a s  re la t ive ly  insensi t ive t o  changes i n  propellant mixture r a t i o ,  while the 
thrust-coefficient efficiency a t  a chamber pressure of 10 pounds per square inch 
absolute was unchanged from i t s  value a t  60 pounds per square inch absolute f o r  
the 15O conical nozzle. 

3. Decreased specific-impulse performance a t  lower chamber pressures and a t  
mixture ra t ios  near  stoichiometric w a s  due primarily t o  reduced values of charac- 
t e r i s t i c  velocity. Improved in jec tor  design should minimize t h i s  problem. 

4. Data corrected for  nozzle e x i t  divergence angle indicated that values of 
t h rus t  coefficient were near equilibrium expansion fo r  the  15' conical nozzle a t  
fuel-r ich mixture r a t io s  and a l l  chamber pressures. The performnce of the two 
shorter nozzles w a s  near frozen under a l l  conditions investigated. 

5. Nozzles shorter than the  15' conical nozzle suffered losses t h a t  appear 
t o  be at t r ibutable  t o  chemical kinet ics ;  t h a t  i s ,  a f a i l u r e  of the recombination 
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pro3ess because of the high expansion rates. 
fluorine nozzles should consider f i n i t e  reaction rates to obtain truly optbum 

Contour designs for hydrogen- 
i 
1 performance. 

I L e w l s  Research Center 
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APPENDIX A 

SYMBOLS 

area, sq in.  

t h r u s t  coeff ic ient  

character i s  t i c  velocity,  f t/s ec 

diameter, in. 

t h r u s t ,  l b  

gravi ta t ional  conversion fac tor ,  32.2 f t /sec2 

spec i f  i c  impulse, ( l b  ) ( s ec ) / lb  

length, in. 

character is t ic  length, chamber volume/throat area, in. 

mass flow, $/g, ( l b ) (  s ec ) / f t  

pressure, t o t a l  unless otherwise indicated,  lb/sq in. 

velocity, f t / s ec  

resultant in jec t ion  velocity,  - G% + $F2 , sec 
( h ) H 2  (h)F2 ft 

propellant weight flow, t o t a l  unless otherwise indicated, lb/sec 

half-angle of nozzle divergence 

nozzle divergence correction fac tor ,  (1 + cos a ) / 2  

Subscripts : 

a ambient 

C combust ion chamber 

e nozzle e x i t  

e j  exhaust diffuser  

e j t  exhaust diffuser  th roa t  

eq shif t ing equilibrium theore t i ca l  

1 2  



F2 

HZ 

i 

m 

n 

S 

t 

4 -  

f luorine or  f luorine propellant system 

hydrogen o r  hydrogen propellant system 

injector  o r  in jec t ion  conditions 

measured 

nozzle entrance 

s t a t i c  

nozzle throat  

vac vacuum 

x experimental 
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APPENDIX B 

F'ERFORMANCE CALCULATIONS 

Theoretical 

The calculation of theore t ica l  data fo r  l iqu id  hydrogen and l iqu id  fluo- 
r ine ,  described i n  reference ll, w a s  carr ied out i n  a general program wr i t ten  fo r  
an IBM 704 computer, 

Calculations were based on the usual  assumptions of perfect gas l a w ,  adia- 
ba t ic  combustion a t  constant pressure (nozzle-inlet t o t a l  pressure), isentropic 
expansion, no f r i c t ion ,  homogeneous mixing, and one-dimensional flow, 

The theoret ical  parameters were expressed as vacuum specif ic  impulse and 
vacuum thrus t  coeff ic ient  i n  order t o  es tab l i sh  a common point of comparison be- 
tween d i f fe ren t  nozzles and between different  operating conditions of the a l t i -  
tude f ac i l i t y ,  These parameters are defined i n  terms of the  th rus t  developed by 
an engine of f ini te  area r a t i o  f i r i n g  one dimensionally i n  a vacuum. 

Theoretical performance calculations with l iqu id  f luorine and gaseous hy- 
drogen were made a t  several  conditions t o  determine the e r r o r  involved when the  
enthalpy difference between l iqu id  hydrogen a t  saturat ion and gaseous hydrogen a t  
ambient temperature i s  ignored. A t  a pressure of 60 pounds per square inch ab- 
solute ,  t he  vacuum specif ic  impulse with gaseous hydrogen i s  0.8 percent higher 
than that w i t h  l iqu id  hydrogen a t  a mixture r a t i o  of 6.22 percent hydrogen and 
2-0 percent higher a t  11.7 percent hydrogen. No experimental e f f ic ienc ies  were 
based on these numbers using gaseous hydrogen, 

Experimental 

The experimental r e su l t s  designated "delivered" vacuum spccif i c  impulse or 
vacuum thrust  coeff ic ient  were calculated according t o  the  following methods, 
Corrections f o r  nonaxial, or divergent, exhaust gases were not included i n  the 
calculations f o r  delivered performance, Also, no corrections were made f o r  the  
counteracting e f fec ts  of ambient temperature hydrogen and the l o s s  of heat  t o  the 
solid chamber w a l l s  and exter ior  surroundings , 

Chamber pressure. - The calculat ions of porformance parameters are based on 
the t o t a l  pressure a t  the entrance t o  the  nozzle, but, i n  t h i s  program, it w a s  
more convenient t o  measure the pressure a t  t he  in jec tor  face.  
therefore, calculated t o  account for the loss  i n  t o t a l  pressure tha t  w a s  required 
t o  accelerate the gases t o  nozzle-inlet veloci ty  i n  a cons-tant-area chamber. The 
following equation i s  derived from the  conservation of inomentum with the  assump- 
t i on  tha t  pressures are uniform, flow i s  f r i c t ion le s s ,  and coliibilstion i s  com- 
pleted a t  the nozzle entrance : 

A correction w a s ,  
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Solved fo r  chamber pressure, the equation i s  

Pc,i,x 

This equation u t i l i z e s  the experimental conditions fo r  chamber pressure a t  the 
in jec tor  face,  average experimental inject ion veloci ty  of the incoming propel- 
l an ts ,  and the  theore t ica l  parameters f o r  In, e*, and (Pc,n,s/Pc,n). 

The latter terms imply that flow must be isentropic and maintain equilib- 
r ium i n  the subsonic or converging portion of the  nozzle, 

Characterist ic velocity. - The experimental charac te r i s t ic  veloci ty  based 
on the  corrected nozzle inlet t o t a l  pressure w a s  then obtained by using the  equa- 
t i o n  

Vacuum thrus t ,  - The m?asurement of thrust  f o r  t h i s  program was simplified 
by the  complete encapsulation of the engine and load ce l l .  The only forces ex- 
e r ted  on the  nozzle were due t o  the in te rna l  pressures governed by the acceler- 
a ted  gases and a s ingle  external  pressure existing within the capsule act ing on 
the  outside of the engine and nozzle. This pressure was assumed t o  be constant 
throughout t h e  capsule. The general equation for the thrus t  of a rocket is 

Fm = + (Pe - Pa)Ae 

or 

where 
t o  Pa and measured by the load ce l l .  The thrust developed i n  a vacuum is 

F, represents  the en t i r e  thrust  developed a t  the  a l t i t u d e  corresponding 

This has the e f f e c t  of s e t t i ng  the a l t i t ude  pressure 
t i o n  (B4). 

Pa equal t o  zero in equa- 

Vacuum thrust  coefficient.  - Vacuum thrust (eq. (E)) and nozzle-inlet to-  
tal pressure (eq. (B2)) were used t o  define vacuum thrus t  coeff ic ient  as  follows: 

- Fvac , x 
Pcyn,xAt 

cF,vac,x - 

Vacuum spec i f ic  impulse, - Experimental  vacuum specif ic  impulse was calcu- 
la ted  by u s i n g  vacuum thrust and t o t a l  propellant weight flow with the  r e l a t ion  - 15 



16 

0 0  m o o  0 0.0 0 eo 0 0  0 0 0 0.0 0 0  
* *  a a  * a  0 . . e  0 . .  0 . 0  - -  - -  
0 .  0 . 0  
0 0  0 0  

0 0  0.. 0 



- -  --- a a a am am a a a a  a a a a  am a a a  m e a  a a a  0 a m  a m  m a  

a m a m  a a a a a  a m  
a m  a m  

a a a  a a 

m a  m a *  am a a a a a  ma 

Vacuum specific impulse, - Experimental vacuum spec i f ic  impulse w a s  calcu- 
la ted  by using vacuum thrus t  and t o t a l  propellant weight flow with the  r e l a t i o n  

I 

L 

Solved fo r  chamber pressure, the equation is  

This equation u t i l i z e s  the experimental conditions fo r  chamber pressure a t  the 
injector  face,  average experimental in jec t ion  veloci ty  of the incoming propel- 
l an t s ,  and the  theore t ica l  parameters f o r  In,  c*, and (Pc,n,s/Pc,n). 

The l a t t e r  terms imply that flow must be isentropic and maintain equilib- 
rium i n  the subsonic or converging portion of the  nozzle. 

Characterist ic velocity.  - The experimental charac te r i s t ic  veloci ty  based 
on the corrected nozzle i n l e t  t o t a l  pressure w a s  then obtained by using the  equa- 
t i o n  

Vacuum thrust .  - The measurement of th rus t  fo r  t h i s  program w a s  simplified 
by the  complete encapsulation of the engine and load ce l l .  The only forces ex- 
erted on the nozzle were due t o  the in t e rna l  pressures governed by the acceler- 
ated gases and a s ingle  external  pressure exis t ing within the  capsule act ing on 
the outside of the engine and nozzle, This pressure was assumed t o  be constant 
throughout t he  capsule. The general  equation for the  th rus t  of a rocket is 

Fm = + (Pe - Pa)Ae 

or 

Fm = (CeVe + PeAe) - PaAe 0341 

where 
t o  Pa and measured by the load ce l l .  The thrust developed i n  a vacuum is 

F, represents the en t i r e  t h rus t  developed a t  the  a l t i t u d e  corresponding 

Fvac ,x = Fm + PaAe 

This has the ef fec t  of s e t t i ng  the a l t i t u d e  pressure Pa equal t o  zero i n  equa- 
t i on  (B4). 

Vacuum thrust  coeff ic ient .  - Vacuum thrust (eq, (E)) and nozzle-inlet  to-  
t a l  pressure (eq. (B2)) were used t o  define vacuum th rus t  coef f ic ien t  as follows: 

- Fvac , x 
'c,n,#t 

CF,vac,x - 
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1.50 
2.00 
2.50 
3.00 
3.50 

4.00 
4-50 
5.00 
5.50 
6-00 

7.00 
8.00 

10.00 
ll.00 

9-00 

12.00 
13.00 
14.00 
15.00 
16.00 

17.00 
18.00 
19.00 
20.00 
21.00 

TABU3 I. - COopDINA.TES FOR 70  PERCENT CONTOUR NOZZLF, 

2.62 
3.02 
3.41 
3.78 
4.15 

4.51 
4.86 
5.20 
5.53 
5.85 

6.48 
7.08 

8.19 
8.71 

7 -65  

9.21 
9.69 
10.15 
10-60 
11.03 

ll. 44 
l l . 8 4  
12.22 
12.60 
12.97 

[Dimensions i n  inches. ] 

1.80 
2.39 
3.04 
3.74 
4.51 

5.32 
6.18 
7.07 

T 
i 

27.00 14.97 58.65 
28.00 15.28 61.20 
29.00 15.56 63.40 
30.00 15.85 65.75 
31.00 16.13 68.10 

32.00 16.40 70.35 
33.00 16.67 72.80 
34.00 16.93 75.00 

34.24 
36.67 
39.07 
41.55 

%angent po in t .  
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Experimental 17/ Theoretical 

Nozzle - .- Equilibrium 
Frozen - -- - - 15O Conical 

-- U-- 25' Conical 
-+- 70 Percent contour 

Hydrogen fuel in propellant, percent by weight 

(a) Chamber pressure, 60 pounds per square inch absolute. 

Figure 4. - Experimental hydrogen-fluorine rocket performance 
at area ratio of 100. 
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Hydrogen f u e l  i n  propellant,  percent by weight 

(b) Chamber pressure, 40 pounds per square inch absolute. 

Figure 4. - Continued. m e r i m e n t a l  hydrogen-fluorine rocket 
performance a t  a rea  r a t i o  of 100. 
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ri u r e  4. - Continued. j>xperimental hydro;en-fluorine rocket 
pe r fo r :mxe  at a r e a  ratio of LOO. 
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F i g u r e  4. - Concluded. Experimental hydrogen-fluorine rocket 
perfomance a t  area r a t i o  of 100. 
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Figure E. - Experimental nozzle performance efficiency at mixture ratio 
of 11.7 percent hydrogen and area ratio of 100. 
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